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FOREWORD 
This report was prepared under G.O. 8852 in compli- 
ance with Article VI and Paragraph B of Contract 
NAS3-8521 for the National Aeronautics and Space 
Administration, Lewis Research Center, Cleveland, 
Ohio. The work was conducted in the Chemical and 
Material Sciences Department of Rocketdyne's Research 
Division, during the period 20 December 1966 through 
19 March 1967. 
ABSTRACT 
A complete vapor phase chromatographic analysis of 
acetonitrile was conducted. A method was estab- 
lished for the routine characterization of purified 
solvent batches of propylene carbonate, dimethyl 
formamide and acetonitrile; the water content of 
each solvent is determined quantitatively to 25 to 
10 ppm. 
Structural studies of electrolytes containing 
tetramethylammonium hexaf luorophosphate, tetra- 
methylammonium fluoride, and AlCl were performed 
by nuclear magnetic resonance. 
3 
The physical property studies included measurements 
of viscosities, conductances, transference numbers, 
and solubilities of a number of electrolytes. 
iii/iv 
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SUMMARY 
A c e t o n i t r i l e  
no  organic impuri ty a t  a l e v e l  g r e a t e r  than 10 ppm w a s  found i n  t h e  
d i s t i l l e d  product.  A convenient vapor phase chromatographic ana lys i s  
method i s  now a v a i l a b l e  t o  determine t h e  water content  i n  each batch  of 
d i s t i l l e d  solvent .  
(AN) was completely analyzed by vapor phase chromatography; 
Nuclear magnetic resonance s t r u c t u r a l  s t u d i e s  revealed t h a t  tetramethyl-  
ammonium hexaf luorophosphate (TMA'PF6) was present  i n  propylene carbonate 
(PC) and dimethylformamide (DMF) a s  TMA' and PF6 ions .  
wi th  DMF molecules a t  the  oxygen s i t e  r a t h e r  than t h e  n i t rogen s i t e ;  
between 4 and 8 (probably 6) moles of coordinated solvent  a r e  produced 
- 
A l C l  coordinates  3 
3' 
per  dissolved mole of A l C l  
V i s c o s i t i e s  and conductances were measured f o r  a number of e l e c t r o l y t e s  
containing TMA*PF LiC1,  and/or A l C l  S o l u b i l i t i e s  a r e  l i s t e d  f o r  such 
e l e c t r o l y t e s ,  and a l s o  f o r  some others  conta in ing LiF,  TM-F (tetramethyl-- 
ammonium f l u o r i d e )  , and CuCl 
H i t t o r f  method ind ica ted  a l o w  t r ans fe rence  number f o r  the  ca t ion  i n  
LiCl/DMF and the  presence of a nega t ive ly  charged copper spec ies  i n  such 
a n  e l e c t r o l y t e  which a l s o  contained CuC12. 
6 '  3' 
Transference number de termination by the  2 '  






DESCRIPTION OF PROGRESS 
Condition 
5 t o  10 mmHg; 
r e f l u x  r a t i o :  30/1 
25 mm Hg; 
r e f l u x  r a t i o :  10/1 
Atmospheric p ressure ;  
d ry  n i t rogen ;  
r e f l u x  r a t i o :  25/1 
EEPARATION OF ELECTROLYTES 
P u r i f i c a t i o n  of Solvents 
Solvents were p u r i f i e d  by d i s t i l l a t i o n  as described previously  (Ref. 1 
and 2) .  
presented i n  Table 1. 
A summary of t h e  d i s t i l l a t i o n  condi t ions  normally applied i s  
TABLE 1 







P r a c t i c a l  





P O  
2 5  
The so lven t s  a r e  u s u a l l y  p u r i f i e d  i n  batches o f  approximately 500 m i l l i -  
l i t e r s .  The vapor phase chromatographic a n a l y s i s  method used f o r  rou t ine  
c h a r a c t e r i z a t i o n  of t h e  so lven t s  i s  subsequently descr ibed.  The a n a l y s i s  
r e s u l t s  of t h e  ind iv idua l  so lven t  batches used dur ing t h e  program a r e  
presented i n  Table 2. 
a l l y  between 20 and 50 ppm. 
40 ppm i s  normally found by t h e  vapor phase chromatographic a n a l y s i s  on a 
Porapak Q column. 
The water content  of t h e  d i s t i l l e d  product is  norm- 
A content  of organic imput i t i e s  between 0 and 
3 
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TaBIE 2 





































*No organic impuri ty  a t  a l e v e l  o f  10 ppm or g r e a t e r  
was de tec ted  i n  t h e  ana lys i s .  
Analysis  of  A c e t o n i t r i l e  by Vapor Phase 
Chromatography 
Two samples of AN,AN #'1-2 and AN #3-l, have been completely character ized 
by vapor phase chromatography. 
va r ious  species  as out l ined i n  Table 3. 
Three columns were employed t o  d e t e c t  
4 
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Detector 
TABU 3 
COLUMNS EMPLOYED IN TRE CHARACTERIZATION OF ACETONITRILE 





















Lower boiling materials 
Higher boiling materials 
Lower boiling materials 
Higher boiling materials 
Acrylonitrile 2nd very 
volatile materials 
*Hydrogen was used as the carrier gas, its flow rate was 25 cc/min 
A sample of AN containing 120 ppm water was analyzed with a Porapak Q 
column; a chromatogram is presented in Fig. 1. Water is not completely 
separated from AN under the conditions utilized f o r  the determination of 
water in PC and DMF. More complete separation can be obtained by decreasing 
either the column temperature o r  the sample size. Decreasing the column 
temperature causes the water peak to tail; decreasing the sample size 
decreases the amount of water being determined. 
Under the experimental conditions employed, the water peak tails somewhat 
and does not return to the baseline before the initial portion o f  the AN 
peak. However, the water peak can be extrapolated to the baseline and 
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SAMPLE S I Z E :  100 M I C R O L I T E R S  
COLUMN: PORAPAK Q 
TEMPERATURE: 150 C 
CARRIER GAS: HYDROGEN 
DETECTOR: CROSS S E C T I O N  
/ 



























6 5 4 3 2 1 0 
T I M E ,  M I N U T E S  
Figure 1. Initial Portion of Chromatogram of Acetonitrile 
Containing 120 ppm Water 
6 
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Known amounts of water were added t o  a sample of  AN and the  a r e a s  of the  
r e s u l t i n g  water peaks were measured. 
var ious  add i t ions  of water i s  presented i n  Table 4. 
water i s  112 ppm/cm . 
The a rea  of t h e  water peak f o r  
The response f o r  
2 
TABLE 4 
AREA OF WATEB PEAK FOR SOLUTIONS OF ACETONITRILE 
COMCAINING VARIOUS AMOUNTS OF WATER 











-he AN t o  which t h e  water was added contained some 
water .  
AN contained 120 ppm water .  
Based on t h e  response of  112 ppm/cm2, the  
2 
This response corresponds t o  8.7 micrograms H O/cm . 
than t h e  responses found f o r  PC (6.0)  and DMF (6 .4 ) .  
probably caused by t h e  f a c t  t h a t  t h e  e x t r a p o l a t i o n  of t h e  water peak d i d  
n o t  include a l l  of t h e  pieak a rea  under t h e  a c e t o n i t r i l e  peak. 
t h e  assumed a r e a  of t h e  water peak w a s  found t o  be propor t ional  t o  t h e  water 
content  of t h e  AN and can be used t o  determine t h e  water concentra t ion i n  
AN samples. The lower l i m i t  far  t h e  determinat ion of water i n  AN appears  
t o  be 10 ppm. 
This value  i s  g r e a t e r  
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Three columns were used for the characterization of organic impurities 
in AN. 
discusred in a previous report (Ref. 2) under the characterization of 
DMF. 
acrylonitrile and other possible volatile impurities in AN. "he latter 
column gives an excellent separation of AN and acrylonitrile. 
retention times at 140 C of AN and acrylonitrile are 6.5  and 10.5 
minutes, respectively. This separation is important because acryloni- 
trile is usually found as an impurity in AN. Furthermore, since AN 
is eluted very rapidly from the Apiezon L and Carbowax 20M columns, 
good separation between AN and any volatile impurities may not occur. 
Because AN is not  eluted as rapidly on Porapak 9, volatile impurities 
should be separated. 
Carbowax 20M and Apiezon L columns were used for the reasons 
A third column, a 6-foot Porapak Q column, was used to determine 
The 
Some chromatograms of purified AN are presented in Fig. 2 through 4; 
the chromatograms obtained with AN#3-1 were virtually identical. Two 
additional chromatograms were run at 100 C on the Carbowax 20M and 
Apiezon L columns. 
allow any higher boiling impurities to be eluted. 
on any of the chromatograms. 
Each chromatogram was recorded for 60 minutes to 
No peaks were evident 
If an impurity were present at the 100 ppm level, a peak approximately 
one-fifth the size of the AN should be observed on the chromatogram at 
the X0.2 attenuation. 
impurities in the AN with concentrations greater than 100 ppm. 
Because no such peak appeared, there are no 
8 
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Routine Characterization of Distilled Solvents 
Vapor phase chromatographic procedures for the determination of water 
and organic impurities in all three solvents(PC, DMF, and AN) have been 
developed. Table 5 presents the experimental parameters for the routine 
analysis applied to monitor the quality of the distilled solvents. 
TABLE 5 
EXPERIMENTAL PARAMETERS AND RESPONSE FOR THE ROUTINE DETERMINATION 
OF WATER IN pROPYLE3E CARBONATE, DIMETFlYL FORMAMIDE, AND ACETONITRILE 
Cond i ti ons* 
Sample Size, microliters 
Column Dimension 
Column Packing 
Column Temperature, C 




Detector Temperature, C 
















So lven t 
D h  
100 
























*Chromatograph: Aerograph 660, Wilkens Instrument & Research, Inc. 
Recorder: Leeds & Northrup Speedomax G; 750 microvolts full scale, 
1/2 inch per minute 
12 
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This routine analysis does not constitute a complete characterization 
but furnishes data in regard to the most important impurity, water, as 
well as the most likely organic impurities. The lower limit for the quan- 
titative determination of  water is approximately 5 ppm in PC and in DMF, 
and 10 ppm in AN. 
NUCLEAR MAGNETIC RESONANCE STRUCTURAL STODIES 
TMA'PFP and TMA'F*i' in Propylene Carbonate 
and Dimethyl Formamide 
It is expected that dissolving TMA'PFG and TMA'F would result in the 
formation of (TMA)+ and (PF~)- and F- ions, respectively. TO verify 
1 this, both the FI9 resonance and H 
and DMF solution containing these solutes; the solutions were identical 
to the diluted solutions used for solubility determinations (Table 8 ) .  
The FI9 resonance in both PC and DMF containing TMA*PF6 is an equal 
intensity doublet. No other lines were observed. Because P has a spin 
of 1/2, spin-spin interaction should lead to an equal intensity doublet. 
Furthermore, all F19 in (PF6)- are chemically equivalent; therefore, com- 
plex spectra would be only due to spin-spin interactions. 
ing of only an equal intensity doublet is consistent wikh the assumption 
that the ion containing F19 is the (PF6)- ion. 
resonance. were investigated in PC 
Thus, the find- 
Because of the relatively low solutility, these lines were rather weak. 
The even lower solubility of  TMA*F in PC and DMF and the smaller number 
of fluorine atoms per solute anion resulted in no FI9 line being observed 
for these solutions. 
m s  PF6 = tetramethylammonium hexaf luorophosphate 
W e F  = tetramethylammonium fluoride 
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I n  c o n t r a s t ,  t h e  proton l i n e  due t o  t h e  a d d i t i o n  o f  TMA-PF and TMA-F 
was observed i n  a l l  so lu t ions .  It should be noted t h a t  TMA*F conta ins  
t h e  same number of protons as TMA*PF Therefore,  t h e  low s o l u b i l i t y  
of TMA*F did  not  prevent t h e  proton resonance l i n e  from being observed 
as was t h e  case wi th  F resonance. I n  a l l  cases  t h e  H l i n e  consis ted  
o f  an equal  i n t e n s i t y  t r i p l e t  wi th  a s p l i t t i n g  of l e s s  than 1 Hz as 
1 
shown i n  Fig. 5 . The H resonance has  been observed f o r  MI (Ref. 3) 
and c o n s i s t s  of an equal  i n t e n s i t y  t r i p l e t  wi th  t h e  s p l i t t i n g  of 46 +2 HZ 
between adjacent  l i n e s .  This p a t t e r n  i s  explained on t h e  b a s i s  t h a t  
a l l  H 
interaction wi th  N14 which has a spin  of 1. 
a r e  equivalent  i n  a (TMA) 
y i e l d  a t r i p l e t  as observed, t h e  observat ions  a r e  c o n s i s t e n t  wi th  what 
i s  expected f o r  a (TMA)' ion. The s p l i t t i n g  i s  much less f o r  (TMA)' 
than f o r  Nt3 because t h e  s p l i t t i n g  must br idge another bond due t o  






a r e  equivalent  and s p l i t  i n t o  a t r i p l e t  by v i r t u e  of a spin- spin 
1 By analogy,  because a l l  H 
ion and because i n t e r a c t i o n  wi th  NI4  would 
+ 
3 
A l C l  i n  Dimethyl Formamide 
To d a t e ,  t h e  nuclear  magnetic resonance s t r u c t u r a l  s t u d i e s  based upon 
observation of resonance p a t t e r n s  of t h e  so lven t  have been concentrated 
on observations i n  DMF conta ining A l C l  The H spectrum of pure DMF 
(Fig. 
spectrum due t o  t h e  methyl protons i s  more complex. 
focused on A l C l  i n  DMF because of t h e  observation of displacement of 
t h e  H l i n e s  by coordinat ion wi th  A l C l  
reported by F r a t i e l l o  e t  a l .  (Ref. 4). 
0.0528 M A l C l  i s  shown i n  Fig. 7 .  The downfield s h i f t  of t h e  aldehyde 3 
proton i s  g r e a t e r  than t h a t  of t h e  methyl protons.  
1 
3' 
6 ) i s  r e l a t i v e l y  simple. However, under c l o s e r  s c r u t i n y  t h e  
E f f o r t  has been 
3 1 This has been p rev ious ly  
A spectrum of DMF conta ining 
3' 
Furthermore, t h e  
14 
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1 Figure 5 . H Spectrum f o r  (TMA)+ 
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Figure 6 .  3 1 Spectrum f o r  Pure DplF 
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1 Figure 7. H Spectrum f o r  0.0528 M A l C l  /DMF 3 
17 
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methyl protons  a r e  n o t  s h i f t e d  the  same amount. These s h i f t s  have been 
measured and the  r e s u l t s .  51.8 Hz f o r  the aldehyde proton and 25.5 Hz and 
21.2 Hz f o r  t h e  methyl p ro tons ,  a r e  i n  general  agreement wi th  the  r e s u l t s  
of Ref .  4. 
that A l C l  
3 
t h e  n i t r o g e n  s i t e .  
The i n t e r p r e t a t i o n  of these  r e s u l t s ,  p resen ted  i n  Ref. 4, is  
coordinates  the  DMF molecules a t  the  oxygen s i t e  r a t h e r  than  
1 The H resonance p a t t e r n  obtained f r o m  DMF conta ining 1 M L i C l  is the  
same as f o r  pure DMF. No downfield peaks a r e  observed. Thus, e i t h e r  
L i C l  does n o t  coordinate ,  o r  the  e f f e c t  upon the  e l e c t r o n  s t r 3 c t u r e  i s  
t o o  small t o  be observed. Furthermore, t h e  H resonance p a t t e r n  i n  DMF 
conta ining both 0,0528 M A l C l  and 0.0528 M LiCl i s  the  same as t h a t  




More d e t a i l e d  s tudy  of t h e  methyl doublet  i n  DMF revealed t h a t  each peak 
of t h e  doublet  i s  i t s e l f  a double t  as shown i n  Fig. 8 . The complete 
methyl proton spectrum of 0.0528 AlCl,/DMF i s  shown i n  Fig.  9 . 
secondary s p l i t t i n g  i s  0.63 Hz i n  both  pure DMF and t h e  uncoordinated 
DMF i n  0.0528 M A1C13/DMF. However, the  s p l i t t i n g  i n  the  coordinated 
DMF i s  0.85 Hz. This d i f f e r e n c e  has no t  y e t  been completely i n t e r p r e t e d .  
The s p l i t t i n g  i s  probably due t o  spin- spin i n t e r a c t i o n  wi th  the  aldehyde 
proton.  When the  DMF is  coordinated,  the  chemical environment of the  
methyl l o c a t i o n s  i s  a l t e r e d  as i s  shown by t h e  f a c t  t h a t  each l i n e  of 
t h e  methyl double t  i s  s h i f t e d  downfield. It is ,  t h e r e f o r e ,  reasonable 
t o  expect  t h a t  t h e  spin- spin coupling i n  t h e  coordinated DMF i s  d i f f e r e n t  
from the  uncoordinated DMF. 
The 
The r a t i o  of the  i n t e n s i t y  of t h e  coordinated DMF peaks t o  the  uncoordinated 
DMF peaks is a measure of t h e  coordinat ion number. 
termine how many moles of DMF a r e  coordinated by l mole of A l C l  t he  
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1 
Figure 8. H Spectra, Methyl Doublet at High Resolution, i n  Pure DMR, 
a 
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1 Figure 9. H Spectrum of Methyl Protons in 0.0528 M AlCl /DMF 3 
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areas of the uncoordinated lines were compared with the areas of the 
coordinated DMF lines. This comparison is subject to rather large errors 
because the coordinated lines are relatively weak and a greater fraction 
of the signal is lost in the noise. This would lead to an underestimate 
of the coordination number. The area comparison yields a coordination 
number of approximately 4 assuming a one to one correspondence of the 
amount of AlCl dissolved in solution to the coordinated peak intensity. 
Because of the errors involved, this is interpreted as showing that the 
coordination number is greater than 4. Judging from the line intensity, 
the e r r o r  can not be as high as 100 percent; therefore, the coordination 
number must be less than 8. Thus, the results suggest the most likely 
coordination number to be 6 ,  which is not an unreasonable result. 
3 
PHYSICAL PROPEEITY DETERMIMATIONS 
Viscosity Measurements 
The results of viscosity measurements made during this report period are 
presented in Table 6 . 
viously (Ref 2). 
to temperature equilibrium while enclosed in a volumetric flask with a 
polyethylene bag containing dry nitrogen as an additional protective seal 
( f o r  saturated solutions the handling procedure was the same as described 
in the Solubility Measurements section). The solutions were exposed to 
the atmosphere only while viscosity and density measurements were being 
made 
The experimental procedure was described pre- 
The solutions were prepared in a dry box and brought 
The 'densities necessary for these determination were measured using a 
Christian Becker Chainomatic Density Balance. This instrument allows 
rapid and accurate measurements of densities to three decimal points. 
21 
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TABLE 6 
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For example, t he  d e n s i t y  of pure PC obtained by t h e  pycnometer technique 
w a s  1.200 gm/ml, while t h e  d e n s i t y  obtained wi th  t h e  d e n s i t y  balance w a s  
1.203. This  accuracy is e n t i r e l y  adequate f o r  v i s c o s i t y  measurements. 
S o l u b i l i t y  Measurements 
The r e su l t s  of s o l u b i l i t y  measurements made dur ing  t h i s  r epo r t  period a r e  
presented i n  Table 7 .  Satura ted  s o l u t i o n s  were prepared i n  a d r y  box 
by adding an excess of s a l t  t o  t h e  so lvent  of i n t e r e s t .  The f l a s k s  were 
then sealed wi th  a glass s topper  and t h e  neck of t h e  f l a s k  enclosed i n  a 
polyethylene bag conta in ing  d r y  n i t rogen .  The f l a s k s  were removed from 
the  d r y  box and placed i n  an 80 C ba th  f o r  seve ra l  hours and then allowed 
t o  e q u i l i b r a t e  i n  the  constant  temperature ba ths  a t  25 and 60 C ,  respect-  
ive ly ,  f o r  s eve ra l  days. 
I n  genera l ,  t he  s o l u b i l i t i e s  of t h e  ch lo r ides  were determined by d i l u t i o n  
of  10-cc samples of sa tura ted  s o l u t i o n  with d i s t i l l e d  water  and t i t r a t i n g  
with s tandard AgNO 3' 
The l i t h ium fluoride s o l u t i o n s  were analyzed f o r  l i t h ium content  by atomic 
absorpt ion spectroscopy. The procedure cons is ted  of d i l u t i n g  t h e  sa tu ra t ed  
so lu t ion  wi th  so lvent  and comparing i t s  atomic absorpt ion s p e c t r a  with 
c a l i b r a t i o n  curves obtained wi th  known s o l u t i o n s  of L i C l  o r  L i C l O  i n  
the  corresponding so lven t .  No response i n d i c a t i n g  l i t h ium w a s  obtained 




and 2 x 
This value is  lower than t h e  va lues  of 6 x lom5 molar (Ref. 5) 
molar (Ref. 1) which were est imated from conduc t iv i ty  data. 
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1 The F19 and H 
amounts of TMA0PF6 and TMA"F dissolved i n  DMF and PC. 
yses  were obtained by comparing the  l i n e  i n t e n s i t y  from unknown, d i l u t e d  
samples with t h a t  from a sample having a known concentra t ion,  The r e s u l t s  
1 a r e  shown i n  Table 8 .  
a n a l y s i s  f o r  (PF6)- and (m) 
i n  t h i s  r e p o r t )  ions  revea l s  good agreement f o r  TMA-PF 
Although the  concentra t ions  obtained f o r  (TMA) 
than the  r e s u l t s  obtained f o r  (PF6)- the  d i f f e r e n c e  i s  wi thin  t h e  l i m i t s  
of e r r o r  (Table 8 ). For TMA-PF dissolved i n  PC, the  agreement i s  wi thin  
the  l i m i t s  of e r r o r  f o r  the  s a t u r a t e d  s o l u t i o n  a t  25 C sample but  not  € o r  
t h e  s a t u r a t e d  s o l u t i o n  a t  60 C sample. The source of t h i s  discrepancy i s  
not  known. Again t h e  concentra t ions  determined by II a n a l y s i s  a r e  con- 
s i s t e n t l y  lower than those  determined by F19 a n a l y s l s .  
l i n e s  a r e  more complex than t h e  F19 l i n e s ,  more confidence should be 
c red i t ed  t o  the  F1' analyses .  
nuc lea r  magnetic resonances were used t o  de te rn ine  the  
Quan t i t a t ive  anal- 
Comparison of the  r e su l t s  obtained by g9 and H 
+ 
( the  assignment of ion spec ies  i s  discussed 
dissolved i n  DME'. 6 + 
a r e  c o n s i s t e n t l y  lower 
G 
1 
1 Because the  H 
In  t h e  case of TMA*PF /AN, prel iminary r e s u l t s  were obtained by evapora- 
t i o n  of  10-cc samples t o  dryness and weighing the  d r i e d  s a l t .  These re- 




Conductivity values  of so lu t ione  were determined i n  Freas  c e l l s  as described 
p rev ious ly  (Ref, 1) The conduc t iv i ty  measurements taken during t h i s  re- 
p o r t  period a r e  summarized i n  Table 9 and a r e  discussed on the  following 
pages. 
Resu l t s  obtained wi th  e l e c t r o l y t e s  conta ining L i C l  and/or A l C l  
a r e  presented i n  Tables 10 through 13 and F ig -  10 through 14. In t.lIe 
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TABLE 8 
SOLUTE CONCENTRATIONS DETlZWNED BY 






m ' P F 6  (0.101 !'I) 
TfiaePF6 (Saturated at 
25 C )  
?T.IA*PF~ (Saturated a t  
60 C )  
W.PF6  (0.0994 M )  
TMA*PF6 (Saturated at 
25 c >  
Tf.2A*PFG (Saturated at  
60 C )  
TMA'PF6 (0.101 M) 
Tm*PF6 (Saturated at  
25 C )  
TMh'PF6 (Saturated at  
60 C )  
TNA*PF6 (0.0994 M )  
Tb'!A*PF6 (Saturated at 
25 c )  
TMA*PF~ (Saturated at 









4 :  1 
I on 
Concentration of  
Sa tura t  ed 









*Saturated so lu t i ons  were d i l u t e d  with  pure so lven t  and the  concentra t ions  
of such  so lu t i ons  were determined. 
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concent ra t ion  o f  
Satura ted  
Ion Solu t ions ,  molar Solvent 
DMF' #4-2 
PC #2-3 
Solu te  
TMA'F (Saturated at 
25 c )  
TMA'F (Saturated at  
25 c) 
1:l 1 ("MA)' I 0.065 + O , O l O  
- I 1 J 
*Saturated s o l u t i o n s  were d i l u t e d  wi th  pure so lvent  and the  conccntra- 
t i o n s  of such s o l u t i o n s  were determined. 
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Solutes  
L i C l  a-1 
Sic1 $2-1 
A l C l  "3 3 
A 1  C 1 1;3 3 
L i C l  42-1 
-t A1C13 #3 
L i C l  and/or A l C l  
3 
TABLE 9 
SUMMARY OF CONDUCTANCE MEASIJRlMENTS 
Concentrat ion 
D i l u t i o n  s e r i e s  
Saturated 
Di lu t ion  s e r i e s  
D i l u t i o n  s e r i e s  
Di lu t ion  s e r i e s  







Di lu t ion  s e r i e s  
Saturated 
Di lu t ion  s e r i e s  
Saturated 






l , l 9  
I 




















A*(25 C ) ,  I (60 C ) ,  
ohm cm ohm-lcml 
-1 -1 
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CONCENTRATION ( molar '* 
0.06 
Figure 11. Equivalent Conductance o f  L i C l  i n  Propylene Carbonake a t  
25 and 60 C 
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Figure 14. Comparison of Equivalent (Molar) Conductances of Electro lytes  
Containing L i C l  and/or A l C l  i n  pc at 25 and 60 C 3 
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case of LiCl/PC (Fig. 10 and 11 ) A plotted vs ’ v c  results in a straight 
line at low concentrations, and an extrapolation to zero concentration 
is readily obtained: A = 26.2 ohm-’equ-lcm2 at 25 C and A. = 44.9 
ohm- equ cm at 60 C, For the AlCl,,/PC system, two sets of measure- 
ments were taken in addition to the results reported earlier <?ef. 
In the first set (Table 11 ), the dilution series was initiated with a 
1 molar solution which was brownishly discolored; in the second set 
(Table 12), +,he dil-citioc was initiated witli a 0.1 molar solution wiiicli 
was only slightly tinted. A maximum and a minimum of the equivalent 
conductance was observed for AlCl /PC with decreasing solute concentra- 3 
tion (Fig. 12 ) ,  although in one case the minimum was only fragmeutally 
indicated as a slight change in the slope of the curve. An unambiguous 
interpretation of this behavior has not been Pound; the occurrence of 
the minimum at low concentrations may be connected with the water con- 
0 1 -1 2 
% 
1 ).  
tent of the solvent, which was approximately 20 ppm (corresponding to a 
concentration of 0.001 molar). A study of this effect as a function o f  
the water content could result in clarification, but such a study is 
beyond the scope of the present work. A reasonable extrapolation of the 
equivalent conductance to zero concentration cannot be made from the 
present measurements. For the electrolyte containing LiCl and AlCl 
A 
respectively, but the extrapolation is somewhat uncertain. 
3 ’  
have been obtained at 25 and 60 C ,  -1 2 of 34.5 and 61.7 ohm-’equ cm 
0 
A comparison of the three electrolytes is illustrated in Fig. 14. There 
appears to be an additive effect in the molar conductances when LiCl is 
added to A1C13/PC. At low concentrations, the high conductance of  LiCl/Pc 
predominates ; at higher concentrations, the conductance curves of AlCl /PC 
and of the mixed electrolyte approach each other because the contribution 
of LiCl becomes small, A chemical interaction resulting in the formation 
of new species as indicated by the increase of the solubility o f  LiCl 
is not readily evidenced by the present conductance results. Nuclear 
magnetic resonance studies may produce more direct, less ambiguous in- 
formation in this respect. 
3 
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It has been found previously (Ref. 2) that the sum of the h values for 
LiCl/DMF and AlCl /DMP electrolytes did not equal the ho value 
for the LiCl + AlCl /DMF mixed electrolyte. 
to zero concentration were questionable because linearity at low concen- 
trations was not obtained. Therefore, equivalent conductance values 
are compared at a specific concentration, 0.05 molar. The values on 
which the comparison is based are presented in Table 14. The majority 
of the values were obtained by interpola-:ion of  conductance curves. In 
the case of LiCl/PC, an extrapolation was made, because 0.05 molar desig- 
nates a concentration beyond the solubility o f  LiCl in PC. The sum of 
the values for a 0.0528 M LiCl/DMF and a 0.0528 M AlCl /DMF solution 
is 37.4 + 53 = 90.4 oh-’equ cm , but the Avalue for a 0.0528 M LiCl 
+ 0.0528 M AlCl /DMF solution is 71.8 ohm-lequ cm . 
solution is expected to have a higher ionic strength, and one should 
rather take into account the A values at 0.106 molar; 
that the two solutes do not chemically interact, some interaction will 
be reflected nevertheless in a change of the activity o f  the individual 
components. 
and of 0.106 M AlCl /DMF are added, 74 ohm-’equ-lcm2 results, which closely 
approximates the value for the 0.0528 M LiCl + 0.0528 M AlCl /DMF mixture 
(A = 71.8 ohm-1equ-1cm2 at 25 C), and a similar agreement is found also 
f o r  values obtained at 60 C. 
interaction between the two solutes, LiCl. and AlCl ,such as: 
0 
obtained 3 
Some of the extrapolations 3 
3 -1 2 
-1 2 However, this latter 3 
if it is assumed 
If as a first approximation, the Avalues of 0.106M LiCl/DMF 
3 
3 
This result gives no indication of any 
3 
+ Li+ + C1- + 1/2 AIClf + 1/2 A l C l - , . L i  + AlC1; 
2 4 
This appears to apply also for values obtained in PC, although the extra- 
polation of 
solution saturated with LiCl (- 0.8 molar) was used for the dilution 
series, the hvalues of 0.09 molar LiCl/PC and AlCl /PC solutions 
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-1 2 at 
the respective values for 0.04 M LiCl 
ohm-’equ-lcm2 at 25 C). 
LiCl and AlCl in PC can be obtained from the preceding comparison, 
although absence of such an interaction is certainly not proven, 
25 C (2.2 and 14.8 ohm-‘equ cm , respectively) were compared with 
-+ 0.05 M AlCl /PC (A = 18.4 3 
No indication of a direct interaction between 
3 
Specific conductance and equivalent conductance values €or electrolytes 
containing TMA-PF’ are presented in Tables 15 through 17 and F i g .  15 
through 20. Extrapolation of the equivalent conductance to infinite 
dilution yielded values which suggest the presence of TMA-PF 
electrolyte forming (CH ) N 
is in agreement with the results of the nuclear magnetic resonance struc- 
tural studies. 
6 
as a 1-1 
This 
6 + and PFS ions in all three solvents. 
3 4  
Measurement of Transference Numbers by the Hittorf Method 
The cell designed for these experiments is shown in Fig. 21 and 22. The 
cell design of Wall, Stent, and Ondrejcin (Ref. 6 )  was modified to allow 
easy immersion of the lower parts of the cell into an oil bath. The 
experiments are performed at room temperature; however, the electrolyte 
warms under current flow because of the relatively low specific conductance 
of the electrolytes under study, and performing the experiment at a com- 
pletely controlled, constant temperature is not possible. It appears that 
cooling of the lower cell parts in a bath is efficient enough to prevent 
excessive temperature increases in the cell. Cooling o f  only the lower 
parts of the cell also furnishes a stable density distribution in the 
electrolyte. 
mately 90 milliliters of electrolyte and the electrolyte is raised to the 
desired level by applying suction to the center arm. 
of the experiment, the stopcock is reopened to separate catholyte and 
anolyte from the electrolyte contained in the middle compartment. 
total loss of solute in the cathode and anode compartment is determined 
by analysis, and the transference numbers are calculated. 
The three compartments are filled with a total of approxi- 
At the conclusion 
The 
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Figure 17. Equivalent Conductance of l'MA.PF6 in DMF at 25 and 60 C 
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Figure 18. Equivalent Conductance of TMA*PF in DMF at 25 and 60 C 6 
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Figure 19. Equivalent Conductance of TMA-PF6 i n  AN at 25 and 60 C 
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5&21-3/16/67-C1B 
Figure 22. Hittorf Cell 
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LiCl/DMF was t h e  f i r s t  system i n v e s t i g a t e d .  
and r e s u l t s  a r e  summarized i n  Table 18. A s i l v e r  s h e e t  anode w a s  used.  
According t o  weight l o s s  determinat ions ,  the  anodic d i s s o l u t i o n  of t h e  
s i l v e r  was q u a n t i t a t i v e ,  s i l v e r  c h l o r i d e  being s o l u b l e  i n  t h e  e l e c t r o l y t e  
(it appears t h a t  t h i s  anodic r e a c t i o n  could be recommended f o r  use  i n  a 
coulometer) .  
q u i n t i t a t i v e l y .  Nickel screen cathodes were used, except i n  one case  
( run No. 4 )  where a copper s h e e t  cathode was s u b s t i t u t e d .  
p o s i t  was observed only i n  two cases (runs No. l and 5 ) .  
through 4 a r e a c t i o n  of t h e  so lven t  appeared t o  occur exc lus ive ly ,  and 
t h e  r e s u l t i n g  reducing compounds presented d i f f i c u l t i e s  i n  t h e  c h l o r i d e  
a n a l y s i s .  
of t h e  a n a l y s i s  r e s u l t s ,  bu t  spur ious  r e s u l t s  were s t i l l  obtained ( e . g . ,  
t - 31). 
t h e y  f o r m  were n o t  i n v e s t i g a t e d  (a pre t reatment  of t h e  n i c k e l  s u b s t r a t e  
may be an important  f a c t o r ) .  
formed, t h e  decrease  i n  c h l o r i d e  i o n  concen t ra t ion  would n o t z r e s u l t  from 
ion  t r a n s p o r t  a l o n e .  
f o r  t h e  anion determined from %he change i n  c a t h o l y t e  composition (runs 
No.  2 through 4 )  appear t o  be i n  e r r o r .  There a r e  two independent de te r-  
minations of  t h e  t r ans fe rence  numbers; (1) from changes of c a t h o l y t e  com- 
p o s i t i o k  and (2) from change of anoly composition. Unfor tunate ly ,  t h e  
concentra t ion changes of the  ano ly te  
The experimental  condi t ions  
When t h e  samples were d i l u t e d  with water ,  AgCl p r e c i p i t a t e d  
A l i th ium de- 
I n  runs No. 2 
Oxidation of t h e  samples with H 0 improved t h e  r e p r o d u c i b i l i t y  
2 2  
The na tu re  of t h e  ca thodic  products and t h e  condi t ions  under which 
I f  chlorine- containing organic spec ies  were 
For t h e s e  reasons ,  some of t h e  t r a n s f e r e n c e  numbers 
easured a f t e r  p r e c i p i t a t i o n  of AgC1) 
a r e  r e l a t i v e l y  small, because t - > >t+ , and the  l i m i t e d  accuracy of the  
a n a l y s i s  l eads  t o  a r e l a t i v e l y  h igh  u n c e r t a i n t y  i n  the  t r ans fe rence  numbers 
c a l c u l a t e d  from ano ly te  da ta .  
Because of these  d i f f i c u l t i e s  and l i m i t a t i o n s ,  only t h e  r e s u l t s  of runs 
No. 1 and 5 a r e  considered;  t and t - a r e  cor rec ted  t o  a sum of 1 
(Table 18). 
+ -  
An accuracy of 20.05 i s  estimaxed f o r  t h e  t r a n s f e r e n c e  
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numbers f o r  LiCl/DMF, t 
t 
and Sherr ington (Ref. 7 ). 
= 0.27 and t = 0.73; these compare with - + 
= 0.31 and t = 0.69 as c a l c u l a t e d  from ion m o b i l i t i e s  given by Prue - + 
A mixed e l e c t r o l y t e  conta ining 0.1 M C u C l  and 1 M L i C l  i n  DME' w a s  a l s o  
s tud ied  by t h e  H i t t o r f  method. I t  w a s  found t h a t  t h e  s i l v e r  anode d i s-  
solved wi th  coulombic e f f i c i e n c i e s  g r e a t e r  than 100 percen t ;  an  open c i r -  
c u i t  corros ion of t h e  s i l v e r  w a s  v e r i f i e d .  Because no copper depos i t  w a s  
observed, it may occur a s  fo l lows:  
2 
Ag + CU++ i--) Agf + Cuf 
The ano ly te  was analyzed f o r  the  copper con ten t  and an accumulation of 
copper w a s  found a s  shown i n  Table 19. The a n a l y s i s  r e s u l t  of r u n  No. 1 
i s  too l o w  because some copper spec ies  seem t o  have c o p r e c i p i t a t e d  wi th  
t h e  s i l v e r  ch lo r ide  upon d i l u t i o n  of t h e  samples wi th  water ( t h e  s i l v e r  
c h l o r i d e  appeared b l u i s h ) .  For run No. 2, add i t ion  of ammonium hydrox- 
i d e  prevented t h i s .  Accumulation of copper i n  t h e  anode compartment in-  
d i c a t e s  t h e  presence of nega t ive ly  charged copper s p e c i e s  i n  t h e  e l e c t r o -  
l y t e .  Assuming a q u a n t i t a t i v e  formation of CuC14 , t h e  e l e c t r o l y t e  
would have a composition of 1.0 M L i +  + 0.8 M C1-  + 0.1 M CuC14 I f  
it i s  assumed, fur thermore ,  t h a t  CuC14 has  twice t h e  ion  mobi l i ty  of  
C1-  because of t h e  higher  charge ,  and t h a t  t h e  mobi l i ty  of L i f  i s  one- 
t h i r d  of t h a t  of C 1 - ,  27 pe rcen t  of t h e  c u r r e n t  would be t r anspor ted  by 
the  CuC14 . The experimental f i g u r e  of n x 14.6 pe rcen t  f o r  t h e  more 
r e l i a b l e  r e s u l t  of run  No. 2 t h e r e f o r e  i n d i c a t e s  t h a t  n = 2 and copper 
c h l o r i d e  i s  p resen t  i n  t h e  form of CuC14 i n  LiCl/DME'. The preceding 
c a l c u l a t i o n  i s  only a f i r s t  approximation; t h e  a c t u a l  s i t u a t i o n  may be  
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of  Current 
Transported by Cu 
Species 
n x 7 . 2  
HITTORF EXPERIMENT WITH AN EmCTROLYTE CONTAINING 
1 M L i C l  and 0 . 1  M CuC12 i n  DMF' 
2 3 .92  n x 37 .8  258 n x 1 4 . 6  
Ac c umul at e d 
Run Cu i n  Anolyte, 
/ N o .  I moles Corresponding coulombs Charge", 
1 1 I 2.16 x I n x 2 0 . 8  
"Coprecipitation occured during ana lys i s  
*Xn = charge of copper complex 
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WOW PLANNED FOR NEXT QUARTER 
PREPARATION OF ELECTROLYTES 
The d i s t i l l a t i o n  of so lven t s  w i l l  cont inue.  
products w i l l  be checked on a rou t ine  b a s i s  by chromatography on a 
Porapak Q column. 
The p u r i t y  of the  d i s t i l l e d  
The a n a l y s i s  of a l l  major s o l u t e s  t o  be used on t h e  program w i l l  be 
completed. 
NUCLEAR MAGNETIC RESONANCE STRUCTURAL STUDIES 
High r e s o l u t i o n  nuc lea r  magnetic resonance s t u d i e s  of so lven t s  conta ining 
s o l u t e s  w i l l  continue i n  both L i C l  + A l C l  /PC and L i C l  + A l C l  /AN 
and w i l l  Be i n i t i a t e d  f o r  s o l u t i o n s  of copper h a l i d e s .  
s o l u t e s  by wide l i n e  techniques w i l l  be i n i t i a t e d ,  with A l C l  
i n  PC and DMF being enphasized. 
these  s t u d i e s  w i l l  be c o r r e l a t e d  with t h e  physical  and electrochemical  
p roper t i e s  of the  e l e c t r o l y t e s .  
3 3 
The studying of 
and L i C l  3 
Structural information obtained dur ing 
PIWSICAL PROPEBTY DETERMINATIONS 
Determinations of physical  p r o p e r t i e s  w i l l  cont inue.  
of l i th ium f l u o r i d e  and l i th ium ch lo r ide ,  as wel l  as of t h e  copper h a l i d e s  
i n  e l e c t r o l y t e  s o l u t i o n s  w i l l  be emphasized. In  some cases ,  the  inf luence 
of water on these  s o l u b i l i t i e s  w i l l  be i n v e s t i g a t e d .  Other measurements, 
such as the  measurement of sonic  v e l o c i t i e s  and of d i f f u s i o n  c o e f f i c i e n t s  
w i l l  be i n i t i a t e d .  
S o l u b i l i t y  s t u d i e s  
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